In the mammalian cortex, it is generally assumed that the output information of neurons is encoded in the number and the timing of action potentials. Here, we show, by using direct patchclamp recordings from presynaptic hippocampal mossy fiber boutons, that axons transmit analog signals in addition to action potentials. Excitatory presynaptic potentials result from subthreshold dendritic synaptic inputs, which propagate several hundreds of micrometers along the axon and modulate action potential-evoked transmitter release at the mossy fiber-CA3 synapse. This combined analog and action potential coding represents an additional mechanism for information transmission in a major hippocampal pathway.
T he prevailing mode to encode information in the mammalian central nervous system is to convert an analog signal resulting from graded synaptic inputs into patterns of action potentials (APs) (1) , which are transmitted as all-or-none signals along the axons. By contrast, in primary sensory systems and central neural circuits of small invertebrates, analog signals are used directly to transmit information (2, 3) . Comparison of the two modes has revealed that AP coding is less efficient than analog coding at transmitting information (4, 5) . Because in many brain regions the axonal distances from the cell body to a large fraction of the corresponding presynaptic boutons are rather short (6) and somatic subthreshold signals can be large in amplitude (7, 8) , the question arises whether analog axonal signaling contributes to information transmission in the mammalian brain.
To study subthreshold electrical signaling in a cortical presynaptic terminal, we obtained recordings from hippocampal mossy fiber boutons (MFBs) of rats (9, 10) (Fig. 1A) . In hippocampal slices at a recording temperature of 34-T 1-C, extracellular stimulation in the molecular layer of the dentate gyrus (DG-ML) resulted in slow, transient depolarizing voltage deflections at the MFB (Fig. 1B) , which we termed excitatory presynaptic potentials (EPreSPs). The peak amplitudes of EPreSPs depended on stimulus intensity in a graded manner (Fig. 1C) . Furthermore, EPreSPs exhibited moderate trial-to-trial peak amplitude fluctuations and a slow time course (Fig. 1D) . The recorded EPreSPs had a mean peak amplitude of 4.3 T 0.2 mV and a rise time and a half duration of 20 T 0.7 ms and 97 T 3 ms, respectively (n 0 49). Underlying currents (EPreSCs) recorded in the voltage-clamp configuration had a peak amplitude of 3.8 T 0.3 pA, a rise time of 12 T 1.4 ms, a decay time constant of 46 T 4 ms, and a half duration of 50 T 3 ms (n 0 10) (Fig. 1D) . EPreSP peak amplitudes were reversibly reduced by the bath-applied ionotropic glutamate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 mM) to 0.25 T 0.02 of control peak amplitudes (n 0 6) (Figs. 1E and  2D) . Similarly, the selective AMPA receptor antagonist GYKI 53655 (30 mM) reversibly reduced EPreSPs to 0.11 T 0.03 of control (n 0 3) (11), indicating that the generation of EPreSPs required AMPA receptor activation.
EPreSPs could be generated either locally in CA3-stratum lucidum (CA3-SL), for example, by heterosynaptic activation of presynaptic ionotropic receptors (12, 13) , or remotely as excitatory postsynaptic potentials (EPSPs) at the granule cell dendrites followed by axonal propagation.
Local perfusion of CNQX to the CA3-SL ( Fig. 2A) did not significantly reduce the EPreSP peak amplitude compared to control (Fig. 2 , B and D) (n 0 4, P 9 0.5), in contrast to the effect of bath application. However, simultaneously recorded field potentials (Fig. 2B ) near the MFB recording pipette were reversibly reduced (Fig. 2 , B and D) (n 0 4, P G 0.05), indicating that local drug application was sufficient to block local glutamate receptors. Similarly, local perfusion of tetrodotoxin (TTX) at the hilar end of CA3 ( Fig. 2A) resulted in a reversible block of recorded field potentials (0.08 T 0.05 of control) but attenuated EPreSP amplitudes only slightly, to 0.89 T 0.04 of control (Fig. 2 , C and E) (n 0 4, P G 0.05). This suggests that EPreSPs were not generated locally in CA3 but represent forward-propagated EPSPs from granule cell dendrites. We consistently found in all post hoc stainings from EPreSP recordings (n 0 16) that the corresponding MFB, its axon, and the granule cell soma were anatomically connected (Fig. 3A) .
Nonlinear regression analysis of the maximal EPreSP peak amplitudes recorded in MFBs and the respective post hoc determined distances of the recording site to soma revealed a significant correlation ( Fig. 3B ) (n 0 8, P G 0.05, and mean distance of 700 mm). Data points were fitted by using a monoexponential function A 0 & exp(-l EPreSP /x), yielding an average somatic peak depolarization (A 0 ) of 22 mV and a transient- S1 ) because granule cells in the dentate gyrus exhibit negative resting potentials close to -80 mV (fig. S1) (n 0 16). Similar EPSP amplitudes and resting potentials were reported both in vitro (14, 15) and in vivo (16, 17) .
To relate amplitude and shape of somatic EPSPs and EPreSPs, we developed a passive compartmental model of a schematized granule cell including axon and MFBs based on realistic morphology (10) and passive membrane properties ( fig. S2) . The model reproduced experimentally determined parameters like membrane time constant t 0 (62 T 4 ms, n 0 10) (Fig. 3C) , mossy fiber input resistance (1.4 T 0.1 GW, n 0 31), and MFB capacitance (9, 18) .
The constrained model reproduced the experimentally determined distance dependence of EPreSP peak amplitude, yielding a l EPreSP of about 450 mm. The axonal steady state space constant from model simulations was estimated to be around 700 mm ( fig. S2 ), which is larger than expected from previous mossy fiber modeling (19) but very similar to values found in the posterior pituitary (20) .
Simulated somatic EPSPs and measured granule cell EPSPs had half durations of 39 ms and 36 T 2 ms (n 0 10), respectively (figs. S1
and S2). Simulated EPreSPs (at 750 mm) and measured EPreSPs (mean distance to the soma of 700 mm) had half durations of 84 ms and 99 T 10 ms (n 0 8), respectively ( Fig. 1 and  fig. S2 ). Thus, the slow time course of EPreSPs can be explained by axonal filtering during passive propagation.
To prove experimentally that depolarization of granule cell dendrites is sufficient to substantially depolarize MFBs in CA3-SL, we puff- Fig. 1 applied focally 1 mM RS-AMPA in the DG-ML after blocking synaptic transmission (Fig. 3, A  and D) . The average AMPA-mediated depolarization at MFBs was 7.7 T 0.4 mV (n 0 5) and, in the presence of TTX (0.5 mM), 6.1 T 0.8 mV (n 0 4) ( Fig. 3D; somatic responses, fig.  S1 ), demonstrating passive propagation of subthreshold depolarizations to MFBs (Fig. 3D) .
The propagation of depolarizing signals raises the question of whether hyperpolarizing signals also propagate. The negative resting membrane potential of granule cells does not favor the generation of large-amplitude hyperpolarizations at the soma under the experimental conditions used. However, it is conceivable that hyperpolarizing potentials propagate when generated by inhibitory inputs during depolarized membrane potential states, as observed in vivo (7).
To address the functional importance of transient subthreshold depolarizations, we first studied the interaction of EPreSPs and presynaptic APs. APs recorded in MFBs were elicited by stimulation in DG-ML. A comparison of APs in isolation with APs of an EPreSP-AP combination, which was evoked by a double stimulation (at subthreshold and suprathreshold intensity, separated by 50 ms), did not reveal a detectable difference in AP shape (n 0 4) (Fig.  4, A and C) . Even steady state depolarizations of comparable amplitude caused only little changes in AP shape ( fig. S3) . Second, to test whether EPreSPs change presynaptic calcium signaling, we performed presynaptic voltageclamp experiments to analyze the presynaptic calcium current underlying waveforms of an AP, an EPreSP, and a combination of both. Consistent with the properties of presynaptic calcium channels in MFBs (21) , no calcium current was detectable during EPreSP waveforms, and calcium transients did not differ between waveforms of the AP and those of the combination of EPreSP and AP (n 0 6) (Fig. 4, B  and C) . Third, we compared three presynaptic conditions in paired recordings from MFBs and postsynaptic CA3 neurons. In contrast to APs, EPreSPs (evoked by local injection of an EPreSC waveform) did not elicit a detectable signal in the postsynaptic neuron (Fig. 4D) , but the combination of EPreSPs and APs (APs 10 to 20 ms after the peak of the EPreSPs) evoked markedly larger average excitatory postsynaptic currents (EPSCs) in the postsynaptic neuron than did APs alone (1.43 T 0.09 of unconditioned trials, n 0 11, P G 0.005) (Fig. 4, D and E), indicating that EPreSPs enhance AP-evoked transmitter release. The EPreSP enhancement of EPSCs was less pronounced when APs were timed in the late decay phase or in the late period of a nondecaying EPreSP (fig. S4) .
In paired recordings using 10 mM of the calcium chelator EGTA in the presynaptic recording solution, we still found EPreSP enhancement of EPSCs (1.21 T 0.04, n 0 5, P G 0.05) (Fig. 4E ), but the extent was attenuated (10 mM EGTA versus control, P 0 0.06). Therefore, the extent of EPreSP enhancement of EPSCs seems to depend on background calcium signaling, but our results are also consistent with a partial direct voltage modulation of release machinery, suggesting a different transduction mechanism of subthreshold signals at the MFB than that found at the calyx of Held (22) .
In vivo, large amplitude theta oscillations (20 mV) in combination with APs have been described in granule cells (7) . Subthreshold oscillations of such amplitude are likely to be propagated to presynaptic terminals ( fig. S2) . Therefore, we compared postsynaptic responses to APs (three APs at 5 Hz) with and without presynaptic subthreshold theta-like oscillations (5 Hz) in paired recordings (Fig. 4, F and G) . Presynaptic subthreshold theta oscillations enhanced EPSCs while preserving multiple pulse facilitation (23) (Fig. 4G ). This suggests a general functional role of subthreshold membrane potential changes to the regulation of synaptic transmission during naturally occurring activity patterns of granule cells (24) . A similar function of subthreshold oscillations for synaptic output was found in invertebrates (25, 26) .
In conclusion, the output information of hippocampal granule cells is not exclusively encoded in the number and timing of APs. The combined analog and AP coding reported here is likely to enhance information capacity of synapses and may increase the computational power of the dentate gyrus-CA3 network. 
